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SUPPLEMENTARY NOTES
ABSTRACT
The objective of this task was to use analytical modeling to determine thermal conductivity enhancement of nanofluid samples, with overall particle volume fraction, from 1% to 5%, at 70 W and 100 W. The highest thermal conductivity enhancement and maximum number of nanoparticle clusters were observed for different overall particle volume fractions and sonication times, at 70 W and 100 W. The second conclusion was, at both power levels, 4% volume fraction yielded nanofluids with highest thermal conductivity enhancement. For thermal conductivity enhancement from 16% to 35%, the maximum cluster size was on the order of 200 nm, while, for thermal conductivity enhancements from 135% to 173%, the maximum cluster size was restricted to 500 nm. Thermal conductivity enhancements in excess of 100% of the base fluid were achieved when the optimum overall particle volume fraction is 4%.
SUBJECT TERMS
Aggregates, Clusters, Nanofluid, Nanoparticle, Sonication, and Thermal Conductivity 
EXECUTIVE SUMMARY
This research work was performed to gain further understanding into possible trends between thermal conductivity enhancement, particle volume fraction and the total number of aggregate clusters for different sonication times. The research objective was to use analytical modeling to determine the thermal conductivity enhancement of nanofluid samples, with overall particle volume fraction from 1% to 5%, at two different power levels, 70 W and 100 W. The nanofluids were subjected to different sonication times such that the overall energy that was imparted to the nanofluid per unit volume remained the same. The first conclusion was, the highest thermal conductivity enhancement and the maximum number of nanoparticle clusters, occurred at different volume fraction and sonication time, for at both power levels.
The second important conclusion was, at both power levels, 4% volume fraction yielded nanofluids with highest thermal conductivity enhancement. For thermal conductivity enhancement from 16% to 35%, the maximum cluster size was on the order of 200 nm, while, for thermal conductivity enhancements from 135% to 173%, the maximum cluster size was restricted to 500 nm. It should also be noted that highest thermal conductivity enhancements in excess of 100% of the base fluid were achieved only if sufficient number of nanoparticles were present in the base fluid and the current study concludes that such an optimum overall particle volume fraction was 4%. was to use analytical model developed by Wang et al. [2] to determine the thermal conductivity of the nanofluid samples that were subjected to different sonication times, at different overall particle volume fractions, and two different power levels. Task 2.3 in WD20 was funded to accomplish this research objective. Under this task, no new experimental design or model were developed. Rather, the goal of this research was to gain further understanding into possible trends between thermal conductivity enhancement, particle volume fraction and the total number of aggregate clusters for different sonication times.
FOREWORD/ACKNOWLEDGMENTS
TECHNICAL BACKGROUND AND THEORY
The thermal conductivity of nanofluids that were reported in the comprehensive literature review by Özerinç et al. [3] , were measured using instruments that operated the principle of modified The analytical model that was developed by Wang et al. [2] was not simply based on the overall volume fraction of nanoparticles present in the fluid. Rather, it integrates the thermal conductivity of clusters of particles and the total number of such clusters over the entire size range to obtain the overall thermal conductivity of the nanofluid. The mathematical formulation for calculating thermal conductivity of nanofluids containing cluster of nanoparticles aggregates, was discussed in detail in TFLRF Report No. 443. [1] The test matrix and results from this report was used for computing thermal conductivity of clusters using Wang model. The following section describes the results in terms of the total number of clusters and overall thermal conductivity of the nanofluid over different total particle volume fractions versus sonication time.
RESULTS: ANALYSIS AND INFERENCE
The results obtained were computed thermal conductivity values and total number of nanoparticles clusters for nanofluids with total particle volume fraction from 1% to 5% and sonication time from 20 minutes to 80 minutes, at 70 W; and 14 minutes to 56 minutes at 100 W.
The total energy density imparted to the nanofluid, at both power levels, varied between 3.33 KJ/mL to 12.77 KJ/mL for the respective sonication times. Figure 1 shows the ratio of thermal conductivity of the nanofluid to the thermal conductivity of the base fluid at 70 W. The maximum enhancement in thermal conductivity was estimated for a nanofluid with a total particle volume fraction of 4% for 50 minutes sonication, at 70 W. The energy imparted to the nanofluid at this power level and sonication time was 8.148 KJ/mL and the total number of nanoparticle clusters were 4.49x10 8 . cluster diameter between points that have maximum thermal conductivity and maximum total number of points. While, the total number of particles was a maximum for 1% volume fraction at 65 minutes, the nanoparticle cluster diameter is restricted to 200 nm, resulting in a thermal conductivity enhancement of 16.3%.
For 4% volume fraction at 50 minutes sonication, most of the particles were under 400 nm, except for a fraction of clusters that have a diameter of 1011 nm. This micro-sized particle was responsible for thermal conductivity enhancement of 135.41%. Based on the results in TFLRF Report No. 420 [5] , it was concluded that larger micro-sized clusters are unstable and break down into smaller nanoparticle aggregates.
Upon excluding the contribution of such micron sized particle to thermal conductivity enhancement in Wang model, the overall thermal conductivity enhancement reduced to 26.7% at 4% volume fraction for 50 minutes of sonication. In examining the particle size distribution further, nanoparticle clusters between 200 nm and 400 nm, gave a 10% thermal conductivity enhancement compared to 1% volume fraction nanofluid. Figure 4 shows the ratio of effective thermal conductivity of the nanofluid to the thermal conductivity of the base fluid at 100 W power level. Figure 5 shows the total number of nanoparticle clusters over several volume fractions and sonication times at the same power level.
In comparing the two figures, it can be inferred that 4% volume fraction provided the best thermal conductivity enhancement for all sonication time values compared to the rest of the volume fraction values at 100 W. However, the maximum total number of nanoparticle clusters were a maximum at 3% volume fraction for 25 minutes sonication. Figure 6 shows the comparison between the two volume fractions and sonication times at 100W.
It can be inferred that nanoparticle clusters were limited to a diameter of 500 nm. The total number of particles for 4% volume fraction and 56 minutes sonication was 1.87x10 9 , while 3% volume fraction and 25 minutes sonication was 2.28x10 9 . Similar to Figure 3 , a broader nanoparticle cluster distribution for 4% volume fraction and 56 minutes sonication time provided a high thermal conductivity enhancement. While the net energy imparted to the nanofluid was the same at both power levels, it can be concluded that 100 W sonication provides better thermal conductivity enhancement than 70 W sonication power level. 
CONCLUSIONS
Two sets of nanofluids with overall particle volume fraction between 1% to 5% were sonicated at two different power levels, namely, 70 W and 100 W. At these power levels, the sonication time period was such that the total energy imparted to the nanofluid per unit volume remained the same. At both power levels, it was concluded that there is no direct correlation between volume fraction and sonication time parameters at which highest thermal conductivity enhancement was evaluated versus volume fraction and sonication time parameters at which maximum number of nanoparticle clusters were observed.
The most important conclusion is that, at both power levels, 4% volume fraction with 50 min to 56 min of sonication time yielded nanofluids with highest thermal conductivity enhancement. At this volume fraction, the particle size distribution was from 400 nm to 1000 nm. Since, larger aggregates lead to particle settling and are unstable, breaking to form smaller percolating clusters, it can be concluded that stable nanofluids with high thermal conductivity enhancements should have cluster size restricted to 500 nm.
For thermal conductivity enhancement from 16% to 35%, the maximum cluster size should be on the order of 200 nm, while for enhancement from 135% to 173%, the maximum cluster size should be restricted to 500 nm. It should also be noted that highest enhancements in excess of 100% can be achieved only if sufficient number of nanoparticles are present in the base fluid and the current study concludes that such optimum overall particle volume fraction is 4%.
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